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ABSTRACT 
 
Modified versions of epoxy-based shape memory polymers (SMPs) were tested and proven 
for their adhesive benefits in recent works. A heated dry adhesive system displaying strong 
adhesive performance on a variety of chemically dissimilar adherend was developed. This thesis 
explores the mechanical designs and performances of the novel apparatuses specifically invented 
to verify the system’s potential for practical applications. A macroscale multipurpose testbed 
capable of accurately measuring the adhesive strength, preload, and required peeling force for 
SMPs of various dimensions and properties was constructed. A total of three prototypes were 
designed and tested as an initial process of creating a wall climbing robot that utilizes heated dry 
adhesives. Each modified and improved prototype introduced a higher possibility of achieving a 
fully functional climber as well as the inherent physical challenges that must be overcome.  
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CHAPTER 1 
INTRODUCTION 
  
Adhesives are crucial yet easily overlooked items that benefit us in diverse circumstances, 
ranging from daily lives to research environment. When used in abundant quantity, they easily 
enhance the utility of the surrounding physical structures and enable us to use them to various 
desired purposes. In many recent works, shape memory polymers (SMPs) and their functions as 
effective dry adhesives have been studied [1-6]. Their dynamic rigidity and shape memory ability 
have made them excellent materials for adhesives with improved strengths and reduced required 
preload. This work introduces several apparatuses that were created to further test the performance 
of current SMP samples and their potential for future applications in diverse fields. A rigid large-
scale testbed was fabricated to test the most modified version of the epoxy-based SMP. Its 
functions include measuring of the preload weight, the adhesive strength as normal load, the 
adhesive strength as moment load, and the required peeling force. The testbed can incorporate 
SMP samples of diverse dimensions, sizes, and shapes. Also designed and built are three different 
prototypes of mechanical devices as an experimental stage of achieving a wall climbing robot 
using the SMP. The topic of wall climbing robot has been gaining focus in the research field for 
some time and numerous robots have been designed utilizing distinct adhesive materials and 
climbing methods [7-10]. The feasibility of SMP as a climbing tool was explored by building and 
testing the prototypes. The constraints from the mechanical properties of the SMP and ways to 
overcome the challenges are also discussed.   
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CHAPTER 2 
BACKGROUND ON SHAPE MEMORY POLYMER AND ITS 
HEATING MODULES 
 
The SMP sample used in this work is produced by mixing epoxy monomer and curing 
agent Jeffamine D230 (poly(propylene glycol)bis(2-aminopropyl) ether; Huntsman). The epoxy 
monomer is a mixture of EPON 826 and Poly(Bisphenol A-co-epichlorohydrin), glycidyl 
endcapped each purchased form Momentive and Sigma-Aldrich respectively. Poly(Bisphenol A-
co-epichlorohydrin), glycidyl is also referred to as E1075. Sample properties can vary depending 
on the ratio used to mix these chemicals. For this work a previously tested formula E533-J100 was 
used with weight ratio of 1.00:0.940:0.837 for EPON 826:E1075:Jeffamine [11]. 
First step in production is to pour E1075 and EPON 826 in different glass vials and heat 
up in an industrial oven up to 110°C for better mixing results at similar temperature. Then the two 
chemicals are combined in a single vial and manually stirred until no layer can be observed by 
naked eyes. This mixture along with Jeffamine in another glass vial are then placed in the oven 
and heated up to 110°C. These two are removed from the oven and manually stirred again and 
poured on an aluminum sheet of desired dimensions located on a hotplate already heated to 80°C. 
After spreading the poured solution evenly across the aluminum sheet that functions as the 
backplate of the dry adhesive system, the solution is covered up with aluminum foil to contain the 
heat and left for 2 hours. 
The testbed can be equipped with SMP sample cured on a backplate of any size and shape 
as long as a tapped bolt hole can be made. For this work a cylindrical aluminum block (20mm D 
x 20mm H) was used to make the sample for the testbed. The block was thick enough to bore holes 
for both the controlled resistance heater probe and the thermocouple probe. 
For use with the robot prototypes thin rectangular aluminum sheet (40mm W x 50mm L x 
3mm H) was used as the backplate. Considering the efficient size and its fast heating and cooling 
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capabilities, a thermoelectric Peltier cooler TEC-12710 lubricated with thermal grease was 
inserted between the backplate and another aluminum sheet as shown in Figure 1. 
  
Figure 1. Thermoelectric Peltier cooler module inserted between the SMP-cured backplate and 
aluminum sheet. 
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CHAPTER 3 
MULTIPURPOSE TESTBED 
 
The performance of SMP samples of small scale (less than 10mm in width) has been 
evaluated before using a test setup. However, no test setup was made for evaluating the 
performance of larger samples. To address this situation, a large-scale testbed was designed and 
built. It was designed to be able to measure the preload weight, the adhesive strength as normal 
load, the adhesive strength as moment load, and the peeling force required to detach the SMP in 
rubbery state. Some drawbacks from the previously used test setups, such as the vertical alignment 
of the normal force and the difficulty of applying stable preload, were attended to and improved. 
The testbed can also incorporate SMP samples of various dimensions, sizes, and shapes. 
 
Figure 2. Flanged bushing bearing mounted on a greased linear shaft (left) and side view of the 
assembled testbed showing pulleys, wire ropes, and eyebolts connecting the two platforms. 
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3.1 Mechanical Design 
Main rectangular frame of the testbed is made with 15 series T-slotted aluminum profiles 
and related accessories from 80/20® Inc. Held inside the frame are four SFC16 Precision Linear 
Shafts (16mm D x 450mm H) from Bearingsdirect and eight Square Flanged Bushing with inner 
lining of ball bearings from VXB. Figure 2. shows the flanged bushing mounted on the linear shaft. 
Attached to the flanged bushings by bolts and nuts are two aluminum sheets (0.19’’ thick). One is 
used for top platform where the water bucket rests to measure the adhesive strength and peeling 
force. Another one is used as the bottom platform where preload weight can be placed. The two 
platforms are connected by four pulleys, wire ropes, and eyebolts. Figure 3. explains the basic 
mechanism of this system. Installed underneath the bottom platform is a stand to equip the SMP 
sample. It is intentionally distanced from the bottom platform by green spacers to create room for 
easy assembly of different samples as well as better observation during the testing procedure. The 
aluminum plate with grid pattern of M3 holes is designed for accommodating different SMP 
samples. If M3 x 0.5 tapped holes matching the pattern can be made on top of the backplate of the 
sample, it can be mounted using M3 bolts. As Figure 4. shows, two circular aluminum shafts are 
inserted on both ends to connect the plate to the stand. When both are inserted the testbed is used 
for applying and testing the forces in normal direction. It can be either the adhesive strength as 
normal load when the SMP is in glassy and rigid state or the required peeling force to detach the 
SMP when it is in rubbery state. When only one shaft is inserted it acts as a hinge and moment 
load can be applied to the SMP sample. A sliding adherend platform was also designed and made 
as shown in Figure 5. Linear guideway system from THK used in production could provide 
sufficiently small friction to make this system work. When only using the hinged mode and the 
sample attached to a stationary adherend, the rotational motion was containing slight translational 
motion that caused significant shear load. This resulted in the SMP sample completely coming off 
from the backplate as depicted in Figure 6. By using the sliding adherend platform, this issue was 
resolved as the linear guideway was smooth enough to allow the translational motion. 
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Figure 3. Fundamental mechanism of the multipurpose testbed. Adhesive strength is measured 
using the weight placed on the top platform. Preload is measured using the weight placed on 
bottom platform. Two platforms are connected via pulleys and ropes. SMP sample is attached 
underneath the bottom platform. 
 
 
Figure 4. Hinged aluminum plate with grid pattern used to attach SMP samples of diverse 
dimensions and properties. 
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Figure 5. Sliding adherend platform designed to enable successful measuring of the moment load 
in both glassy and rubbery state. 
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Figure 6. Peeling test failure. Due to shear load created from the translational dragging motion 
along the acrylic adherend, SMP sample is removed from the back plate. 
 
Initially there was too much friction in the motion of the top and bottom platforms of the 
testbed due to the location of the pulleys and strings. After changing to wire ropes and relocating 
the pulleys and eyebolts so that the rope tension only contained vertical component, the friction 
could be minimized as seen in Figure 7. Although the mechanical design and the quality of 
purchased components makes it impossible to eliminate friction entirely, it is not a considerable 
factor in this system. The force that is acting on the SMP sample at the instance the sample is 
detached from the adherend is the critical load. Therefore, dynamic friction is not related to the 
performance of this testbed and static friction can be calibrated by pre-measuring the load required 
to start lifting the bottom platform. In fact, the purpose of the square flanged bushing bearings and 
the linear shafts is to bring down the friction to a comfortable range where changing the elevation 
of the platforms can be done without great difficulty and the whole testing procedure can be 
conducted. 
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Figure 7. First version of testbed (left) and the second version (right) with improved qualities and 
minimized friction. 
 
Listed below are the summary of the advantages of using this testbed: 
1) Vertical component of the load can be strictly controlled due to the constrained vertical 
motion of the platforms.  
2) Weight (water bucket) can be placed stably on the top platform. 
3) Preload weight can be placed stably on the bottom platform.  
4) Moment load can be measured using the hinge mode and sliding adherend platform. 
5) Samples of different sizes, dimensions, and shapes can be accommodated. 
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3.2. Testing Procedure 
 
Figure 8. Testing procedure (clockwise direction). 1) Preload weight is placed on the bottom 
platform and the entire weight is measured using a scale. 2) Sample is attached, heated, and cooled 
to desired temperatures 3) Water bucket is placed on the top platform and preload weight is 
removed. 4. Water is slowly poured into the bucket using electric water pump until SMP detaches. 
 
 
The summarized version of the testing procedure is shown in Figure 8. Following are the 
detailed version of the procedure: 
1) SMP sample with backplate is mounted on the bottom stand using the grid plate. Resistance 
heater probe and thermocouple are inserted into the pre-drilled holes. (Thermoelectric 
Peltier cooler can replace the resistance heater depending on the desired test and specimen) 
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2) For calibration purposes, water bucket is placed on top platform and water is poured in 
using electric water pump until the platforms begin to move. Remove the water bucket and 
measure the weight on a scale. This is the calibration value. 
3) Place desired number of weights on the bottom platform. Put a scale directly beneath the 
sample and measure the weight. This is the preload weight. 
4) Remove the scale and install the sliding adherend platform directly underneath the sample. 
Make sure the SMP surface is in proper contact with the adherend acrylic block.  
5) Set the desired temperature to heat up to and activate the resistance heater. The heater will 
turn off automatically once it reaches the target temperature. 
6) Decide on a desired temperature to cool down to and observe the thermocouple reading 
until the target temperature is reached. Remove the preload weights. 
7) SMP is in glassy state now. Place the water bucket on top platform again and begin pouring 
in water. Immediately turn off the water pump when you hear or see the SMP detach from 
the adherend. Remove the bucket and measure the weight on a scale. This can be called the 
applied weight. 
 
𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑊𝑒𝑖𝑔ℎ𝑡𝑔𝑙𝑎𝑠𝑠𝑦 − 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒 = 𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑔𝑙𝑎𝑠𝑠𝑦 𝑠𝑡𝑎𝑡𝑒) 
 
*This step can be conducted with one of the two shafts removed (hinge mode) to measure 
the adhesive strength as moment load rather than normal load. The applied moment is 
calculated by multiplying the acquired adhesion strength value and the horizontal distance 
measured from the hinge to the center point of the SMP sample. 
 
8) To measure the required peeling force in rubbery state, skip step 7. After the sample is 
cooled to target temperature activate the resistance heater again and wait until it reaches 
the desired heating temperature. 
9) Without turning off the heater, place the water bucket on top platform and pour in water. 
Once the sample is detached from the adherend remove the water bucket and measure the 
weight on a scale. 
 
𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑊𝑒𝑖𝑔ℎ𝑡𝑟𝑢𝑏𝑏𝑒𝑟𝑦 − 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒 = 𝑃𝑒𝑒𝑙𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒 (𝑟𝑢𝑏𝑏𝑒𝑟𝑦 𝑠𝑡𝑎𝑡𝑒) 
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*As in step 7, using the hinge mode the required peeling force can be measured as moment 
load. 
 
Shown in Figure 9. is the result obtained from 3 trial tests using the sample E533-J100.  
 
Figure 9. E533-J100 test results using the multipurpose testbed. Preload and temperature settings 
are shown on the left. Normal load units are converted from kg to N. Moment load units are 
converted from kg-cm to N-m. 
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CHAPTER 4 
WALL CLIMBING ROBOT 
 
Wall climbing robots have been actively researched and designed all around the world in 
recent years. Their performances differ in wide range as well as the materials used and modes of 
climbing. As the properties of SMP samples get enhanced and the performances improve, their 
feasibility as adhesive materials for robots came into questions. Introduced in this work are three 
versions of robot prototypes designed and fabricated as an exploratory stage. 
 
4.1. First Prototype 
The first prototype began from a simple mechanical design idea displayed in Figure 10. 
The four-bar parallelogram structure makes it move forward in a constant circular trajectory with 
middle pad and side pads in conformal contact with the adherend surface at every step. Passive 
peeling mechanism was ideated by connecting the SMP pads to the main body with hinges placed 
in front side so that moment is generated when the pads take off. Assuming the robot walks on an 
angled surface (90°(vertical)-180°(ceiling)) the pads will have to flip back towards the body by 
pure gravity. 
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Figure 10. Mechanical concept design for the first prototype. Desired movement cycle along a 
vertical surface is shown in sequence. 
 
The fabrication was done by laser-cutting acrylic sheets to make the frames and using 
circular aluminum shafts to connect the link joints. As the actuator 360:1 Mini Metal sealed Gear 
Motor GM21 from Solarbotics was used. At 6V, it has an unloaded RPM of 23 and stall torque of 
103.2 oz-in. SMP pads gain adhesive strength depending on the amount of preload and experienced 
temperature range. The actuator will have to apply sufficient load on the pads during the duration 
the pads are heated up to rubbery state and cooled down to glassy state. It must also be capable of 
applying the force required to peel it off the adherend surface in the rubbery state. Taking this into 
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consideration, DC motors were decided as more suitable candidates compared to servo motors due 
to the high stall torque. Also it was decided that two GM21 motors are needed in order to deal with 
he inherent singularity of the parallelogram four-bar linkage [12]. By powering both the front and 
rear links at the same time, a double-crank mechanism is made.  
 
Figure 11. CAD model of the first prototype (top) and the physical model (bottom). 
 
After fabrication, the prototype still lacked the power to overcome all the friction in the 
linkage joints. It did not show fluent walking motion even on ground without the SMP activated. 
To address this issue major modifications were made. 
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4.2. Second Prototype 
The second model was built mostly using standard parts. Servocity is a vendor that sells 
robotics kits and various hardware components for hobby builders. These standard parts were 
manufactured to fit with each other. With some detailed thoughts into the design the assembly, 
tolerancing, and minimizing friction were no more issues. The aluminum chassis with patterned 
holes were perfect for minimizing the weight of the robot as well. A stronger motor, 19 RPM Econ 
Gear Motor from Servocity, was purchased. It has a stall torque of 2,678.28 oz-in, which is 26 
times more force compared to previous model. Only one motor was used as the actuator this time. 
Instead the front shaft and the rear shaft were connected using chains and sprockets to replicate 
the double-crank design. The overall weight of the fully assembled model was 1.314 kg.  
 
 
Figure 12. CAD model of the second prototype (top left), bottom view of physical model (top right) 
and walking motion on the ground (bottom). 
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Stronger power and less friction enabled the model to walk in fluent motion on the ground 
without the SMP pads activated. When the pads were activated, the model could make a few steps 
on the ground, but the performance was inconsistent. This was due to the inconsistent contact of 
the pads to the adherend surface for every step. Contrary to the initial assumption, even the slightest 
misalignment between the linkages at every step led to challenges in conformal contact of the 
rectangular SMP pads. This resulted in different preload and peeling force required for every step 
since SMP adhesion was happening over different surface area every time. As shown in Figure 13. 
the misalignment issue is more severe in the vertical walking test. The chain connecting the front 
and rear shafts to create double-crank mechanism and bypass the toggle position was creating 
misalignment of the main middle pad and the side pads when the linkages were in colinear 
orientation. Figure 14. shows another issue with motor control. In this setup the motor was 
controlled manually using the knob of the voltage controller connected to the DC motor. As the 
pads approached the adherend surface to create contact for the following step, the motor was 
slowed down briefly to reduce immediate impact. When the pad came in contact with the surface, 
SMP was heated up to rubbery state and motor power was increased to apply the necessary preload. 
When this power became excessive, the pad that was already adhered to surface got detached and 
the model fell to the ground. In addition, when the pad was detached in glassy state as mentioned, 
it seemed to slightly deform the sample and create irregularity on the surface as shown in Figure 
15. As the experiments were repeated many times, the motor had to be stalled at every trial the 
robot made at completing a step and the gearbox eventually failed. Figure 16 shows the failed 
gearbox with broken gear tooth. 
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Figure 13. Misalignment of the main pads and the side pads. This kind of misalignment is observed 
as the toggle bypass happens near the colinear position. This leads to a challenge in making proper 
contact of the SMP to the adherend surface. 
 
  
Figure 14. Glassy state detachment. When the pad that is trying to attach is preloaded, pushing 
against the adherend surface excessively results in a detachment of the previously attached pad in 
glassy state and falling of the robot. 
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Figure 15. Deformed SMP surfaces. Detachment of SMP during glassy state results in noticeable 
deformation and irregularity in the sample surface quality. 
 
 
Figure 16. Gearbox failure. If motor is stalled for too long and repetitively during preloading and 
detaching the SMP at rubbery state, or if the SMP is in the middle of glassy and rubbery states 
where adhesive strength momentarily increases greatly, the gearbox may fail. 
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4.3. Third Prototype 
Third model was designed with two things in mind: 1) minimize the weight of the robot 
and 2) increase the stall torque. With smaller weight to carry, less adhesive strength will be needed. 
This also means less preload is required to achieve that adhesion. If the motor can output much 
larger stall torque, it will be less likely to break the gearbox. The new design was fabricated with 
same materials from the Servocity. Same motor was used as the actuator but this time a worm gear 
set was connected to the motor. The worm attached to the motor shaft turns the worm gear 
connected to the front shaft. The 27:1 ratio of the worm gear set enhances the torque by that much 
at the cost of speed. Slow speed is not an issue at this stage and was rather desirable to better 
control the contact of the pads to surface. In this model there was only one side body and the 
overall lengths of all the linkages were reduced. The width of each body could also be reduced as 
the worm gear set allowed a more compact design. This resulted in a great reduction in overall 
weight to 0.424 kg. Figure 17 shows the third prototype with greatly reduced size and weight. The 
prototype certainly shows more potential with the lighter chassis and higher torque output. More 
experiments are currently in progress to see the robot make successful and consistent steps on high 
angled surfaces. 
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Figure 17. CAD model of the third prototype (top) and physical model (bottom). 
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CHAPTER 5 
CONCLUSION 
 
A functional large-scale multipurpose testbed was designed and fabricated to yield 
successful tests on current SMP samples. This testbed can be utilized in the future to test and 
compare SMP samples with many variables: size, dimension, shape, composition ratio, and 
loading condition. Practical application of this material will rely largely on the performance of the 
large-scale samples and the results brought by this testbed may be able to bring it closer to reaching 
the consumer market. The process of designing and building the three robotic prototypes is just 
the beginning of the exploration to witness the potential of the SMPs. Continuous experiments will 
get us to better understand the SMP as a dry adhesive material and equip us with more adept control 
over it. The improvements shown through the prototypes point toward the bright prospect of SMPs 
as functional material and its imminent dynamic interaction with our physical environment.  
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